The pathogenesis of Francisella tularensis has been associated with this bacterium's ability to replicate within macrophages. F. tularensis can also invade and replicate in a variety of nonphagocytic host cells, including lung and kidney epithelial cells and hepatocytes. As uracil biosynthesis is a central metabolic pathway usually necessary for pathogens, we characterized ⌬pyrF mutants of both F. tularensis LVS and Schu S4 to investigate the role of these mutants in intracellular growth. As expected, these mutant strains were deficient in de novo pyrimidine biosynthesis and were resistant to 5-fluoroorotic acid, which is converted to a toxic product by functional PyrF. The F. tularensis ⌬pyrF mutants could not replicate in primary human macrophages. The inability to replicate in macrophages suggested that the F. tularensis ⌬pyrF strains would be attenuated in animal infection models. Surprisingly, these mutants retained virulence during infection of chicken embryos and in the murine model of pneumonic tularemia. We hypothesized that the F. tularensis ⌬pyrF strains may replicate in cells other than macrophages to account for their virulence. In support of this, F. tularensis ⌬pyrF mutants replicated in HEK-293 cells and normal human fibroblasts in vitro. Moreover, immunofluorescence microscopy showed abundant staining of wild-type and mutant bacteria in nonmacrophage cells in the lungs of infected mice. These findings indicate that replication in nonmacrophages contributes to the pathogenesis of F. tularensis.
Francisella tularensis causes the acute illness known as tularemia and is classified by the Centers for Disease Control and Prevention as a category A biodefense agent. This organism is highly infectious, as a single bacterium can lead to disease that may be fatal if untreated (16, 39, 53) . The virulence of F. tularensis has been associated with this organism's ability to replicate within phagocytic cells of the innate immune system, such as macrophages (4) . In the murine model of respiratory tularemia, both airway macrophages and dendritic cells are infected within 1 h following inhalation of F. tularensis (7) . As this disease progresses, macrophage numbers decline (26, 63) , likely due to the induction of caspase-3-dependent apoptosis induced by the virulent type A F. tularensis strain (63) . During interactions with host macrophages, F. tularensis can block the activation of these cells, as evidenced by the inhibition of proinflammatory cytokine production (9, 60, 61) . In addition to macrophages and dendritic cells, F. tularensis can invade and replicate in nonphagocytic host cells, such as alveolar epithelial cells, kidney epithelial cells, hepatocytes, and fibroblasts (14, 21, (25) (26) (27) 47) . Although there has been recent progress on understanding the bacterial molecules that contribute to intramacrophage growth, less has been done to investigate F. tularensis growth in other cell types. And in the current paradigm of tularemia pathogenesis, F. tularensis mutants deficient in intramacrophage replication should be attenuated for virulence during animal infection.
The de novo synthesis of pyrimidines is a central metabolic pathway, as these molecules are precursors of RNA, DNA, cell membranes, and glycosylation substrates (18, 57) . This pathway comprises the activity of six enzymatic reactions that culminate in the decarboxylation of orotidine-5Ј-phosphate to uridine-5Ј-monophosphate, a step mediated by the protein product of pyrF (2) . Prior reports have shown that F. tularensis genes encoding homologs to enzymes mediating initial steps of pyrimidine biosynthesis, such as carAB and pyrB, are essential for intramacrophage growth (47, 56) . Although F. tularensis mutants of these genes did not replicate in primary macrophages in vitro, the in vivo virulence of these strains was not detailed fully (56) .
The gene encoding the ultimate enzyme of pyrimidine biosynthesis, pyrF, has not been characterized for Francisella. pyrF mutations in other bacteria lead to uracil auxotrophy and resistance to 5-fluoroorotic acid (FOA), which provides a nonantibiotic counterselectable marker useful in applied bacterial genetics (30, 45, 54, 55) . A counterselectable marker would be especially beneficial when working with a category A biodefense agent, such as F. tularensis, where the choice of antibiotic selection and the cognate resistance markers are limited. An F. tularensis strain containing a deletion of pyrF may be attenuated for virulence and would also be a potential vaccine candidate.
In this report, we characterize pyrF mutant strains of both F. tularensis LVS and the fully virulent F. tularensis strain Schu S4. Using a genetic approach, we show that this gene encodes a functional orotidine-5Ј-phosphate decarboxylase and that its activity is critical for replication in macrophages in vitro. Although ⌬pyrF mutants of both LVS and Schu S4 had similar phenotypes, we present evidence suggesting that F. tularensis Schu S4 possesses more mechanisms than LVS for silencing macrophage activation. Surprisingly, the ⌬pyrF mutants were not attenuated in vivo. Furthermore, we show that intramacrophage replication is expendable during F. tularensis infection, provided that this bacterium can still replicate in nonmacrophage cells. These findings delineate the contribution of F. tularensis replication in the host's nonmacrophage cells in vivo and provide novel insight into the pathogenesis of this bacterium.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . All broth cultures were grown with agitation. All cloning was conducted using Escherichia coli strain XL10-Gold or DH5␣. For general cultivation of E. coli, bacteria were grown at 37°C on LB agar plates or in LB broth. For routine cultivation of F. tularensis, frozen stock cultures were streaked on chocolate II agar plates and incubated at 37°C with 5% CO 2 for 1 to 4 days. These bacteria were subsequently used to inoculate cultures grown in Trypticase soy broth supplemented with 0.1% cysteine HCl (TSBc). Chamberlain's chemically defined broth medium (11) was modified by adding 2% bacteriological agar to produce a solid growth substrate (CDM). For pyrimidine auxotrophy experiments, CDM was supplemented with 400 g/ml uracil. To confirm that the pyrimidine auxotrophy was due to a nonfunctional PyrF protein, bacteria were plated on cysteine heart broth supplemented with 5% defibrinated rabbit blood and 2% bacteriological agar (CHAB), modified with 500 g/ml 5-fluoroorotic acid (FOA) as specified. When required, antibiotics were added to the media at the following concentrations: ampicillin (Ap) at 150 g/ml for E. coli, kanamycin (Km) at 35 g/ml for E. coli and 10 g/ml for F. tularensis, polymyxin at 100 g/ml, and hygromycin at 200 g/ml for E. coli and F. tularensis LVS but 400 g/ml for Schu S4. All work with F. tularensis Schu S4 and derived strains was conducted under BSL-3 conditions at the University of Pittsburgh with approval from the Centers for Disease Control and Prevention Select Agent Program.
Plasmid construction. A list of the plasmids and primers used in this study can be found in Table 1 . The pyrF deletion construct pJH1⌬pyrF was generated as follows. Amplicons containing 1 kb of DNA of loci flanking F. tularensis LVS pyrF were generated by PCR using either the primer pair comprising 1pyrFclean and 2pyrFclean or the primer pair comprising 3pyrFclean and 4pyrFclean. These amplicons were TA cloned into pGEM-T (Promega) and were subsequently subcloned adjacent to one another in a single pGEM-T vector by ligating AgeI/ SacI fragments containing the LVS DNA. This construct (designated pGEM3ϩ4) was digested with BamHI/PstI, and the fragment containing the F. tularensis DNA was ligated into pJH1, which had been digested with the same enzymes, to produce pJH1⌬pyrF. This construct was used to produce both the LVS and the Schu S4 ⌬pyrF mutant strains.
The pyrF-complementing construct (pF8pyrFfull2) was constructed by PCR amplification of a region of the LVS chromosome consisting of pyrF with the full native promoter (ϳ1 kb of upstream sequence) and the predicted transcriptional terminating sequence by using the primers 1pyrFclean and 4.1pyrFclean. This amplicon was TA cloned into pGEM-T. The BamHI/EagI fragment containing LVS DNA was ligated into pFNLTP8, which had been treated with BamHI/NotI, to produce pF8pyrFfull2. The construct containing a partial pyrF promoter (ϳ0.5 kb of upstream sequence; pF8pyrFpart) was constructed similarly, except the primers used here were 1.1pyrFclean and 4.1pyrFclean. Primers  1pyrFclean  5Ј-CATGGGATCCCAGCCAGCACCAGGTA-3Ј  IDT  2pyrFclean  5Ј-GTCGACGGTACCACCGGTTTATTATTAACCATCTGCTGAGAA CATTATTTTC-3Ј  IDT  3pyrFclean  5Ј-TAATAATAAACCGGTGGTACCGTCGACGAGAAGCTAAAAGA GTTTGAGTGC-3Ј  IDT  4pyrFclean  5Ј-CATGCTGCAGTTAGATATAGAAAGTAGTGCATTAGCAATTAG-3Ј  IDT  1.1pyrFclean  5Ј-CATTAGGGATCCGCTCCCTCTTCAACAAAGAAATC-3Ј  IDT  4.1pyrFclean  5Ј-CATTAGCTGCAGGCCGGCAGACTATACTTATGTAATGG-3Ј  IDT   2608  HORZEMPA ET AL. INFECT. IMMUN.
Generation of F. tularensis ⌬pyrF strains. F. tularensis ⌬pyrF strains were generated by homologous recombination using pJH1⌬pyrF (28) . The first recombination event resulting in integration of pJH1⌬pyrF into a locus flanking pyrF was identified following mobilization of this plasmid into F. tularensis by triparental mating conjugation. Isolated F. tularensis merodiploids were electroporated with pGUTS to force merodiploid resolution (28) . I-SceI, whose coding sequence is in pGUTS, is an endonuclease that recognizes an 18-bp restriction sequence (40) in pJH1⌬pyrF that is not found in the wild-type Francisella genome. Similar systems for generating markerless deletions have been adapted for use in various bacterial species, such as E. coli and Bacillus anthracis, in addition to higher organisms, including Drosophila (13, 31, 46, 51) . After transformation with pGUTS, colonies resistant to kanamycin were screened by PCR for either resolution to pyrF deletion or the wild type, using the primers 1.1pyrFclean and 4.1pyrFclean (28) . All colonies producing an amplicon reduced in size by ϳ580 bp also showed uracil auxotrophy and FOA resistance, further confirming a deletion of pyrF (28) . Finally, to cure pGUTS, the F. tularensis ⌬pyrF strains were passaged in TSBc, diluted, and plated to a density of 100 to 500 colonies per chocolate II agar petri plate. Colonies were replica plated onto chocolate II agar plates with and without kanamycin, and colonies sensitive to kanamycin were isolated and again tested for sensitivity to this antibiotic. These strains are identified as F. tularensis LVS ⌬pyrF and F. tularensis Schu S4 ⌬pyrF. DNA sequencing (Agencourt) confirmed that the pyrF deletion mutants resolved to maintain the initial nine codons of pyrF, followed by three stop codons (ochre) and AgeI, KpnI, and SalI restriction sites, terminating with the coding sequence for the eight C-terminal residues and the stop codon of pyrF.
Macroscopic images. Pictures of bacteria spread on agar plates were obtained with a standard digital camera. Images of colonies were acquired using an Olympus MVX microscope. All images in each figure were rendered in grayscale, and brightness and contrast were adjusted uniformly using Microsoft Power Point.
Tissue culture and in vitro infections. Buffy coats from blood donations (Central Blood Bank, Pittsburgh, PA) served as the source of human monocytes that were differentiated into macrophages by in vitro culture as has been detailed previously (9, 10, 27, 29, 50) . For in vitro infections, primary human macrophages were washed and resuspended in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1% human serum AB (complement replete; GemCell Gemini Bio-Products), 25 mM HEPES, and 1% GlutaMAX and then plated onto Primaria-coated 96-well culture dishes (Becton, Dickinson and Company) at a density of 5.0 ϫ 10 4 cells per well as we have described previously (27) . Use of primary human macrophages was approved by the University of Pittsburgh's Institutional Review Board.
HEK-293 cells (ATCC CRL-1573), a nonphagocytic kidney epithelial cell line (59), were cultivated in DMEM supplemented with 10% fetal bovine serum (Gibco), 25 mM HEPES, and 1% GlutaMAX with 100 U/ml penicillin-streptomycin. HEK-293 cells were passed at least once without antibiotics and seeded in 96-well plates at a concentration of 5 ϫ 10 4 cells per well. Infections were carried out in this same medium without penicillin-streptomycin. Normal human dermal fibroblasts (NHDF) (adult skin; Clonetics CC-2511) were cultivated similarly to the HEK-293 cells.
We used a gentamicin protection assay (58) for in vitro infection experiments measuring intracellular growth. Here, bacteria grown in TSBc or on chocolate II agar were adjusted to an optical density at 600 nm (OD 600 ) of 0.3 (approximately 3 ϫ 10 9 CFU/ml) and diluted to attain a multiplicity of infection (MOI) of 500, which typically yields an infection rate of Ͼ80% after a 2-h coincubation (9, 34) . For intracellular CFU enumeration, mammalian cells (except the NHDF cells) were exposed to the initial bacterial load for 2 h at 37°C with 5% CO 2 and then incubated with gentamicin (50 g/ml) for 30 min to kill extracellular bacteria. The uptake of F. tularensis by NHDF cells was less than other cell types for the same MOI (data not shown). To enhance the uptake, NHDF cells were incubated with bacteria for 3.5 h at the MOI of 500 prior to gentamicin treatment. All mammalian cells were washed with warm Hanks' balanced salt solution (HBSS) and then incubated at 37°C with 5% CO 2 for another 22 h with fresh culture medium. At the indicated time points postinfection, mammalian cells were lysed with 0.02% sodium dodecyl sulfate. In vitro intracellular growth assays conducted here did not extend beyond 24 h postinfection. Serial dilutions of the lysates were plated on chocolate II agar plates for enumeration of viable bacteria. CFU counts were converted to log 10 values and analyzed by Student's t test to determine statistical differences.
Cytokines were measured by infecting macrophages at an MOI of 10 for 24 h, and supernatants were assayed by an enzyme-linked immunosorbent assay (ELISA) (R&D Systems). Statistical differences in cytokine production were determined using a one-way analysis of variance (ANOVA) with Dunnett's multiple comparison post hoc test.
Mean generation time (or doubling time) was calculated by using the equation g ϭ [(log 10 N t Ϫ log 10 N 0 )/log 10 2]/22, where g is mean generation time, N t is the number of CFU at 24 h postinfection, and N 0 is the number of CFU at 2 h postinfection.
Animal infections. Chicken embryos were infected with F. tularensis LVS, LVS ⌬pyrF, LVS ⌬pyrF/pF8pyrFfull2, LVS ⌬pyrF/pFNLTP8, or LVS ⌬deoB as previously detailed (15, 27, 42) . Briefly, 1 week-old Whiteleghorn chicken eggs (viable, fertilized, and specific pathogen free; Charles River Laboratories) were infected beneath the chorioallantoic membrane with bacteria suspended in phosphate-buffered saline (PBS). Following mechanical repair of the egg shell, infected embryos were incubated with high humidity and gentle rocking at 37°C. Eggs were candled daily to monitor viability for 7 days. As previously reported (42) , embryos that expired within the initial 24 h of the infection were thought to have suffered lethal trauma during inoculation and were removed from the experiment.
Female 6-to 8-week-old C57BL/6J mice (Jackson Laboratory) were housed under ABSL-3 conditions at the University of Pittsburgh. These mice were infected intratracheally (i.t.) via oropharyngeal instillation (41) . Briefly, mice that had been anesthetized with ketamine and xylazine (80 mg/kg and 8 mg/kg of body weight, respectively) were suspended by their front incisors. The animal's tongue was withdrawn with forceps, and an inoculum of 50 l was deposited at the base of the oropharynx and was aspirated by the mouse. A subset of mice was sacrificed at 2 h postinfection, and their lungs were homogenized and plated to confirm the efficacy of bacterial delivery to pulmonary tissue. This indicated comparable rates of delivery for all strains used in the current study (data not shown). Following infection, mice were monitored twice daily for morbidity and mortality. Morbidity was measured by a nominal scale that integrated the grooming, activity, posture, and overall appearance of the mice. Mice reaching a predetermined score were sacrificed humanely and counted as dead. Survival differences in the chicken embryo or mouse infections were calculated by the log rank test (GraphPad Prism 5). All animal experiments were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee.
For the analysis of the bacterial burden from organs, mice infected i.t. with ϳ10 2 CFU were sacrificed at the indicated time points and organs were removed and homogenized in TSBc. Blood was drawn using a needle and syringe by cardiac puncture or from the inferior vena cava and heparinized to prevent coagulation. Tibias were mechanically separated from connective tissue and muscle, and 1 ml of PBS or HBSS was pushed though the bone interior with a syringe to expel the marrow. The organ homogenates, blood, and suspended marrow were diluted and plated on chocolate II agar. Following incubation at 37°C with 5% CO 2 for 3 days, colonies were counted to enumerate CFU. Following conversion of values to log 10 , the mean numbers of CFU from two separate experiments were analyzed by a two-way ANOVA with the Bonferroni posttest (GraphPad Prism 5).
Immunofluorescence microscopy. Mice that had been infected i.t. were sacrificed, and lungs were either first inflated with 37% formalin for 8 min or directly placed in this fixative. The lungs were placed in histology cassettes, transferred to 10% formalin, and embedded in paraffin and sectioned by the University of Pittsburgh, School of Medicine Histology Core in the Department of Pathology Development Laboratory. Glass slides containing paraffin-embedded thin sections were deparaffinized by two immersions (each for 5 min) in xylene, 100% ethanol, and 95% ethanol and two 1-min changes in 80% ethanol. The slides were subsequently rinsed with deionized water and incubated in PBS. Sections were blocked with 2.5% bovine serum albumin with 0.2% sodium azide for 20 to 30 min. Subsequently, sections were probed with the primary antibodies (rat anti-mouse F4/80 [1:50; Santa Cruz or Serotec] and rabbit anti-F. tularensis [1:500; BD]) that had been diluted in the blocking solution for at least 1 h at 4°C. Although small subsets of dendritic cells and eosinophils have been reported to express this antigen (33, 37) , F4/80 has been used as a pan-macrophage marker in many laboratories (24, 38) , including those used by researchers in the F. tularensis field (6, 63) . The antibody isotype controls that had been used were rat IgG2b (BD Pharmingen) and normal rabbit IgG (Calbiochem) (data not shown). Slides were washed three times in PBS with 0.2% Tween 20 and were probed with secondary antibodies (Alexa Fluor 555 anti-rat immunoglobulin [Invitrogen; 1:1,000] and Alexa Fluor 488 anti-rabbit immunoglobulin [Invitrogen; 1:1,000]) that had been diluted in the blocking solution. Following three washes in PBS, the sections were stained with 0.5 g/ml 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen). The slides were washed three times in PBS and mounted in ProLong Gold antifade reagent (Invitrogen). Fluorescence microscopy was carried out using a Zeiss Axiovert 200 microscope. When images were acquired, identical settings were used for all samples. AxioVision software was used to view the captured images, merge the three colors (green, red, and blue channels), and make modifications in brightness and contrast uniformly across all 
RESULTS

F. tularensis pyrF encodes a functional orotidine-5-phosphate decarboxylase.
To investigate pyrimidine biosynthesis, pyrF, and intracellular growth, deletions of pyrF in both F. tularensis LVS and Schu S4 (FTL_0045 and FTT_1648c, respectively) were made using two-step allelic replacement. ⌬pyrF strains should be pyrimidine auxotrophs and therefore fail to grow on a chemically defined medium lacking a pyrimidine source. To test this, we spread F. tularensis LVS and LVS ⌬pyrF strains on CDM with or without uracil (Fig. 1) . This clearly showed that the pyrF mutant was auxotrophic for uracil, indicating a deficiency in de novo pyrimidine biosynthesis (Fig.  1) . To confirm that this uracil auxotrophy was specifically attributed to the absence of pyrF and not to any polar effects that may have occurred as a result of the mutagenesis, we introduced a trans-complementing construct (pF8pyrFfull2) into LVS ⌬pyrF. This vector contained an intact copy of pyrF LVS under the control of this gene's native promoter. As a control, the empty Francisella shuttle vector (pFNLTP8) was transformed into LVS ⌬pyrF, and these strains were cultivated on CDM with or without uracil (Fig. 1) . Because introduction of pF8pyrFfull2, but not pFNLTP8, complemented the uracil auxotrophy, we conclude that the deficiency in de novo pyrimidine biosynthesis observed by LVS ⌬pyrF can be directly attributed to the absence of pyrF. An alternative construct was generated as an added control. pF8pyrFpart contained all of pyrF but only one of the three predicted promoters upstream ( Fig. 2A) . This construct provided only partial uracil protrophy to LVS ⌬pyrF relative to pF8pyrFfull2 ( Fig. 1 and 2B ). The identical phenotypes were observed with the cognate F. tularensis Schu S4 strains (data not shown), suggesting that uracil and pyrimidine biosynthesis is conserved with respect to pyrF among francisellae.
Wild-type organisms, or bacteria with a functional PyrF protein, are unable to be cultivated on medium containing the pyrimidine analog 5-fluoroorotic acid (FOA). Here, the orotidine-5Ј-phosphate decarboxylase activity of PyrF results in the conversion of FOA to a toxic product (5) . Conversely, pyrF mutants grow normally in the presence of FOA on rich medium. As expected, wild-type LVS, and the trans-complemented LVS ⌬pyrF strain could not grow on CHAB agar containing FOA (Fig. 1) . In contrast, the LVS ⌬pyrF strains and the ⌬pyrF strain containing the empty shuttle vector grew on the medium containing FOA (Fig. 1) . Again, identical phenotypes were observed with the corresponding Schu S4 strains (data not shown). This provides further evidence that pyrF of F. tularensis LVS and Schu S4 each encode a functional orotidine-5Ј-phosphate decarboxylase.
To confirm that the F. tularensis pyrF gene encodes a bona fide orotidine-5Ј-phosphate decarboxylase, we expressed this gene in an E. coli strain containing a mutated pyrF gene (strain SKP10, containing pyrF287 [64] ). Here, E. coli pyrF287 was transformed with the pyrF LVS -complementing construct (pF8pyrFfull2) or the empty shuttle vector (pFNLTP8). We observed similar transformation efficiencies for E. coli pyrF287 with pFNLTP8 and pF8pyrFfull2, as evidenced by comparable counts of colonies on LB agar plates supplemented with Ap and Km (Fig. 3) . However, only the E. coli pyrF287/ pF8pyrFfull2 strain formed colonies on CDM agar, indicating that the F. tularensis pyrF strain complemented this strain's uracil auxotrophy (Fig. 3) . This heterologous complementation verifies that the F. tularensis PyrF protein functions as an orotidine-5Ј-phosphate decarboxylase.
F. tularensis pyrF is required for intramacrophage replication. Pyrimidine anabolism is a central metabolic pathway. We hypothesized that the LVS and Schu S4 ⌬pyrF strains would therefore be attenuated for pathogenesis. To test this, primary human monocyte-derived macrophages were infected with F. tularensis LVS and LVS ⌬pyrF in vitro because intramacrophage growth is traditionally associated with F. tularensis virulence. At various time points, the macrophages were lysed, and the lysates were diluted and plated for enumeration of viable CFU. We observed a reduction in intracellular LVS ⌬pyrF bacteria in macrophages at 24 h postinfection relative to the levels observed at earlier time points (Fig. 4A) . Upon complementation of LVS ⌬pyrF in trans, the wild-type level of growth was restored (Fig. 4A) . In addition, the LVS ⌬pyrF strain containing the empty vector showed a level of attenuation for growth similar to that observed for the LVS ⌬pyrF strain (Fig. 4A) . Expression of the vector containing the truncated pyrF promoter (pF8pyrFpart) in LVS ⌬pyrF resulted in an incomplete complementation for replication in macrophages (Fig. 2C) , a result consistent with the partial rescuing of the uracil auxotrophy (Fig. 2B) . These results confirmed that the reduced intracellular fitness of LVS ⌬pyrF was due specifically to the absence of pyrF and not attributable to polar effects or unknown mutations.
We conducted a similar experiment with the virulent F. tularensis Schu S4 strain (Fig. 4B) . Here, primary human macrophages were infected with F. tularensis Schu S4, Schu S4 ⌬pyrF, the trans-complemented Schu S4 ⌬pyrF strain, or Schu S4 ⌬pyrF containing the empty vector. Both wild-type Schu S4 and the trans-complemented Schu S4 ⌬pyrF strain showed exponential intramacrophage growth, whereas Schu S4 ⌬pyrF and Schu S4 ⌬pyrF containing the empty vector exhibited no substantial growth (Fig. 4B) . In additional experiments using human monocyte-derived macrophages from different donors, the numbers of viable Schu S4 ⌬pyrF bacteria declined similarly to those of LVS ⌬pyrF bacteria (data not shown). These data show that pyrF is required for intramacrophage replication in model strains of F. tularensis.
Both F. tularensis LVS and Schu S4 have been shown to suppress the production of proinflammatory cytokines by macrophages and dendritic cells (7, 9, 12, 60, 61) . Because of the intramacrophage growth defect, we hypothesized that the ⌬pyrF mutants would enhance cytokine production from infected macrophages in comparison to the level for the wild type. Macrophages infected with F. tularensis LVS ⌬pyrF secreted significantly higher levels of tumor necrosis factor alpha (TNF-␣) than those infected with wild-type LVS (Fig. 5A) . Expression of the complementing plasmid restored wild-type levels of TNF-␣ induction to the LVS ⌬pyrF strain, whereas expression of the empty vector alone resulted in maintenance of high levels of cytokine production from host cells (Fig. 5A) . The reduction in viable LVS ⌬pyrF bacteria observed in Fig.  4A was therefore associated with heightened macrophage response, suggesting that this strain also lost its ability to silence macrophage activation (7, 9, 12, 60, 61) . Although we observed an increase in the production of TNF-␣ from macrophages infected with LVS ⌬pyrF, the levels of another proinflammatory cytokine, interleukin-1␤ (IL-1␤), were similar across all groups (Fig. 5A) . We also assessed cytokine production by human macrophages infected with the wild type and with Schu S4 ⌬pyrF (Fig.  5B) . In these experiments, we included LVS and LVS ⌬pyrF as positive and negative controls for TNF-␣ secretion (Fig. 5B) . In contrast to LVS ⌬pyrF, the Schu S4 ⌬pyrF strain did not induce significantly higher levels of TNF-␣ production from human macrophages (Fig. 5B) . Similarly to LVS, there was no difference in the IL-1␤ responses to these Schu S4 strains. The contrasting patterns of TNF-␣ release suggest that F. tularensis Schu S4 has additional mechanisms for silencing macrophages in comparison to LVS.
F. tularensis ⌬pyrF strains retain in vivo virulence. The ability of F. tularensis to replicate within a macrophage is closely associated with this organism's capability to cause disease in an animal (4) . Therefore, we expected that the ⌬pyrF strains of both LVS and Schu S4 would be sharply attenuated for virulence during animal infection. To test this with LVS, we employed the chicken embryo infection model (15, 27, 42, 62) . Here, each chicken embryo was infected with ϳ10 3 , ϳ10 5 , or ϳ10 7 bacteria (Fig. 6A) . Surprisingly, the LVS ⌬pyrF mutant was virulent and resulted in the death of the chicken embryo, similar to what was found for the wild type, in all three experiments (Fig. 6A) . Also, the chicken embryos infected with LVS ⌬pyrF harboring either the complementing plasmid or the   FIG. 4 . F. tularensis ⌬pyrF mutants do not replicate in primary human macrophages. Macrophages were infected with the designated LVS (A) or Schu S4 (B) strains (MOI, 500) using a gentamicin protection assay. Macrophages were lysed at the indicated time points, and lysates were diluted and plated to enumerate intracellular CFU. Data shown are means Ϯ SEM of results from triplicate wells within one experiment and are representative of three or four experiments performed using cells from separate donors. The number of viable Schu S4 ⌬pyrF CFU seen after 24 h in this experiment was the most among the experiments conducted; other experiments showed a decline in Schu S4 ⌬pyrF numbers similar to that observed for LVS ⌬pyrF (data not shown). The abbreviation "comp" refers to the complementing construct, pF8pyrFfull2, and "vector" designates the empty shuttle plasmid, pFNLTP8. For growth in macrophages at 24 h, P was Ͻ0.001 for LVS versus LVS ⌬pyrF, and P was Ͻ0.001 for Schu S4 versus Schu S4 ⌬pyrF. (Fig. 6A) . As controls, chicken embryos were treated with PBS or LVS ⌬deoB, since a functional deoB gene is required for F. tularensis pathogenesis in this model (27) . All of the chicken embryos treated with PBS survived the duration of the experiment (data not shown). Furthermore, chicken embryos infected with LVS ⌬deoB exhibited significant survival compared to those infected with LVS or LVS ⌬pyrF (Fig. 5A ). This indicates that the mortality of the chicken embryos infected with LVS and FIG. 7. F. tularensis Schu S4 ⌬pyrF exhibits dissemination to peripheral organs in a murine respiratory tularemia model. Mice were infected (i.t.) with ϳ10 2 CFU of F. tularensis Schu S4, Schu S4 ⌬pyrF, or LVS. The average numbers of CFU administered to mice over both experiments were as follows: for Schu S4, 200; for Schu S4 ⌬pyrF, 190; and for LVS, 140. A subset of mice was sacrificed at 2 h postinfection, and their lungs were homogenized and plated to confirm the efficacy of bacterial delivery to pulmonary tissue, which indicated comparable rates of delivery for all strains (not shown). At day 2 or 4 postinfection, mice were sacrificed and the designated organs and tissues were harvested, homogenized, diluted, and plated for CFU enumeration. The limit of detection was 100 CFU per organ (or per ml blood), except the liver, which was 200 CFU. Data, displayed as mean numbers of CFU Ϯ SEM, represent a combination of two independent experiments, each having three mice per bacterial strain per time point. The comparisons in which P was Ͻ0.05 are designated by brackets. 3 , ϳ10 5 , or ϳ10 7 CFU. All bacterial strains were used to infect chicken embryos in three experiments except LVS ⌬deoB, which was used in only one trial. Twenty embryos were used for LVS ⌬pyrF, 16 for LVS ⌬pyrF/ pF8pyrFfull2 (comp), 16 for LVS ⌬pyrF/pFNLTP8 (vector), and 6 for LVS ⌬deoB. For each experiment, the actual numbers of CFU administered to the chicken embryos were as follows: for LVS, 8.0 ϫ 10 2 , 2.8 ϫ 10 5 , and 5.0 ϫ 10 7 ; for LVS ⌬pyrF, 1.6 ϫ 10 3 , 9.0 ϫ 10 4 , and 1.2 ϫ 10 7 ; for LVS ⌬pyrF/comp, 1.1 ϫ 10 3 , 1.8 ϫ 10 5 , and 4.6 ϫ 10 7 ; for ⌬pyrF/vector, 6.2 ϫ 10 2 , 2.6 ϫ 10 5 , and 1.7 ϫ 10 7 ; and for LVS ⌬deoB, 2.5 ϫ 10 2 . P was Ͻ0.0001 for LVS versus LVS ⌬deoB. (B) Mice were infected (i.t.) with ϳ10 1 or ϳ10 3 CFU of each strain. Ten mice (two experiments) were used for each infecting strain except LVS, for which five mice (included in only one experiment) were used. For each experiment, the actual numbers of CFU administered to mice were as follows: for Schu S4, 37 and 350; for Schu S4 ⌬pyrF, 14 and 500; for Schu S4 ⌬pyrF/comp, 19 and 250; for Schu S4 ⌬pyrF/vector, 49 and 850; and for LVS, 850. A subset of mice was sacrificed at 2 h postinfection, and their lungs were homogenized and plated to confirm the efficacy of bacterial delivery to pulmonary tissue, which indicated comparable rates of delivery for all strains (not shown). P was 0.0002 for LVS versus Schu S4 ⌬pyrF; P was Ͻ0.0001 for Schu S4 versus Schu S4 ⌬pyrF.
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LVS ⌬pyrF was directly attributable to the virulence of these strains and not to nonspecific inflammation or procedural trauma.
To test the virulence of the F. tularensis Schu S4 ⌬pyrF strain, we conducted two experiments where mice were infected i.t. with ϳ10 1 or ϳ10 3 bacteria (Fig. 6B) . Here, LVS was used as a control, as it is not lethal to mice in the dose and time frame tested (Fig. 6B) . In each experiment, infection with Schu S4, Schu S4 ⌬pyrF, Schu S4 ⌬pyrF/pF8pyrFfull2, and Schu S4 ⌬pyrF/pFNLTP8 all resulted in 100% mortality by day 6, whereas the control mice (LVS-infected) survived (Fig. 6B) . To ensure that Schu S4 ⌬pyrF did not repair its pyrimidine biosynthesis machinery during infection, bacteria were recovered from tissues of mice infected with this strain after euthanasia. These bacteria were patched onto CDM with or without uracil and CHAB with or without FOA. All bacteria tested were uracil auxotrophs and resistant to FOA, indicating that the deletion of pyrF and the associated phenotypes were maintained during infection. The F. tularensis ⌬pyrF strains characterized here are the first examples of mutants of this organism that cannot replicate in macrophages in vitro but are still virulent in vivo. This may suggest that a significant portion of the pathogenesis of F. tularensis is independent of replication within macrophages.
To examine further the in vivo pathogenesis of F. tularensis Schu S4 ⌬pyrF, we measured the bacterial burden from organs and tissues of mice sacrificed at days 2 and 4 postinfection in a respiratory tularemia model (Fig. 7) . Mice were infected i.t. with ϳ10 2 CFU of F. tularensis Schu S4, Schu S4 ⌬pyrF, or LVS, and organs were harvested for CFU at the indicated time points (Fig. 7) . As expected, CFU data suggest that wild-type Schu S4 grew and disseminated more rapidly than LVS (Fig.  7) . In addition, the bacterial burden associated with Schu S4 ⌬pyrF in the extrapulmonary tissues was substantially higher, in general, than that of LVS (Fig. 7) . High bacterial burdens of the Schu S4 and Schu S4 ⌬pyrF strains were also found in the spleens and the livers at 2 days postinfection (Fig. 7) . Similarly, the Schu S4 strains were readily detected in the kidneys, blood, and bone marrow at 4 days postinfection (Fig. 7) .
The spatial distribution of Schu S4 ⌬pyrF CFU also differed from that of wild-type CFU in some instances (Fig. 7) . This may suggest an impaired fitness in particular cell types, such as macrophages, that occupy these tissues. Although the total numbers of Schu S4 ⌬pyrF bacteria were less than the numbers of wild-type bacteria in some tissues (Fig. 7) , the numbers of mutant bacteria appear sufficient for these bacteria to be pathogenic (Fig. 6B) .
F. tularensis ⌬pyrF strains replicate in nonmacrophage host cells. Although the F. tularensis ⌬pyrF strains were unable to replicate in macrophages in vitro, we hypothesized that these cells may still be able to grow in nonmacrophages because of the high CFU burdens observed in vivo. If this hypothesis was true, then growth in nonmacrophage host cells could explain a mechanism by which these pyrF mutants remained virulent and invaded peripheral organs. Because the Schu S4 ⌬pyrF strain was able to invade the kidney (Fig. 7) , we used a human kidney epithelial cell line (HEK-293) to test our hypothesis. Moreover, F. tularensis is often isolated or identified in kidney tissues during natural animal infection (1, 35) . In contrast to the results obtained with macrophages (Fig. 4) , the ⌬pyrF mutants of LVS and Schu S4 retained the ability to replicate in HEK-293 cells, albeit at a slightly lower rate than the wild type ( Fig.  8A and B) .
As an alternative to HEK-293 cells, we conducted an intracellular growth assay using normal human dermal fibroblasts (NHDF). Similarly to the HEK-293 cells, the ⌬pyrF mutants of LVS (Fig. 9A ) and Schu S4 (Fig. 9B ) grew in NHDF cells at a slightly lower rate than the cognate wild-type strains.
These results are more clearly illustrated by examining the mean generation times of these F. tularensis strains in macrophages, HEK-293 cells, and NHDF cells (Fig. 10A and B) . For wild-type LVS and Schu S4, the growth rates in the nonmacrophage cells (HEK-293 and NHDF) were at least as high, and generally higher, than those in macrophages. The numbers of ⌬pyrF bacteria do not increase in macrophages, and therefore, the generation time is not measurable (asterisk in Fig. 10A ). However, both ⌬pyrF mutants can replicate in the nonmacrophage cells (Fig. 10A) . This suggests that the F. tularensis ⌬pyrF mutants retained virulence due to their ability to replicate in nonmacrophage cells of the host. Therefore, intramacrophage growth may be expendable for virulence, provided that F. tularensis can still replicate in other cells. More F. tularensis Schu S4 ⌬pyrF bacteria are associated with nonmacrophages than macrophages in infected lungs. The in vitro data presented above (Fig. 4B, 8B , and 10B) suggest that F. tularensis Schu S4 ⌬pyrF cannot replicate in macrophages but is capable of multiplying in nonmacrophages. We hypothesized that abundant bacteria, both wild-type and ⌬pyrF mutant Schu S4, would be found in nonmacrophages in vivo. Therefore, we localized bacteria using immunofluorescence microscopy on lung sections from infected mice. Tissue sections were probed with antibodies specific for F. tularensis and F4/80, a macrophage lineage marker. Fluorescent secondary antibodies were used to visualize macrophages (F4/80 ϩ ) in red and F. tularensis in green. Nuclei were stained blue with DAPI (Fig. 11) . In regions of the lung that had been colonized by bacteria, we observed abundant staining for wild-type Schu S4 in both F4/80 ϩ and F4/80 Ϫ cells on both day 2 (data not shown) and day 4 (Fig. 11A) postinfection. In contrast, we consistently observed much less bacterial staining within F4/ 80 ϩ cells in lungs of mice infected with F. tularensis Schu S4 ⌬pyrF (Fig. 11B) . Intense bacterial staining was still observed, however, in F4/80 Ϫ cells in lungs from mice that had been infected with the mutant strain (Fig. 11B) . These data are consistent with the hypothesis that although F. tularensis Schu S4 ⌬pyrF has reduced fitness within host macrophages, it remains virulent by replicating in nonmacrophages.
Quantification of bacteria associated with either F4/80 ϩ or F4/80 Ϫ cells supported the observation depicted in Fig. 11 . There was significantly more bacterial antigen present in F4/ 80 ϩ cells in lungs of mice infected with F. tularensis Schu S4 than in those in lungs of mice infected with the ⌬pyrF strain (Fig. 12A ). In addition, the level of change of staining in F4/80 ϩ cells over the measured interval was 3-fold higher for the wild type than for the ⌬pyrF mutant (Fig. 12A) , consistent with greater wild-type proliferation in the F4/80 ϩ cells. However, bacterial antigen intensities were comparable in F4/80 Ϫ cells between Schu S4 and Schu S4 ⌬pyrF, especially on day 4 postinfection (Fig. 12A) . The change of Schu S4 ⌬pyrF staining in F4/80 Ϫ cells was 3.5-fold greater than that in the F4/80 ϩ cells over the time interval, further indicating that this mutant proliferates better in nonmacrophages than in macrophages. Similar findings were obtained by measuring the mean bacterial fluorescence intensity per unit area of the host cell (Fig.  12B ). This analysis normalized the fluorescence intensity to the area of the infected host cells to minimize any overrepresentation of bacteria by disparities in the infected cell size or host cell number in a given field. Using this analysis, we found a greater proportion of Schu S4 ⌬pyrF bacteria localized to the F4/80 Ϫ population at both 2 and 4 days after infection (Fig.  12B) . In contrast, the antigen intensity of wild-type Schu S4 was significantly more abundant in F4/80 ϩ cells both 2 and 4 days after infection (Fig. 12B) . These results corroborate the in vitro data and are consistent with the hypothesis that the Schu S4 ⌬pyrF strain replicates in nonmacrophages in vivo, although it is attenuated in macrophages. Collectively, the data indicate that replication in nonmacrophages is sufficient for in vivo pathogenesis of F. tularensis. 
DISCUSSION
The ability of many pathogens, including F. tularensis, to cause disease often depends on their ability to invade and replicate in the infected host. In this report, we have investigated bacterial phenotypes after deleting the pyrF gene and have characterized an unanticipated role for bacterial proliferation in cells other than macrophages. Proliferation in nonmacrophage cell types appears sufficient to sustain F. tularensis pathogenesis.
F. tularensis ⌬pyrF mutants could not replicate in primary human macrophages (Fig. 4A and B) ; however, these strains retained virulence in animal models of infection (Fig. 6) . It is possible that there was a modest defect in the pathogenesis of the Schu S4 ⌬pyrF strain that could be attributable to the lack of intramacrophage replication since some differences in survival were statistically significant (Fig. 6B) . However, mice were infected with as few as 14 CFU of Schu S4 ⌬pyrF, and mice from all experimental conditions were moribund within 24 h of one another, indicating that any virulence defect of Schu S4 ⌬pyrF had a limited biological impact. The retention of virulence correlated with the ability to replicate in nonmacrophage cells (Fig. 8A and B and 10A and B) . In addition, there were substantially fewer F. tularensis Schu S4 ⌬pyrF bacteria than wild-type bacteria associated with lung macrophages in vivo (Fig. 11 and 12 ). These results indicate that growth in macrophages is expendable provided that the infecting F. tularensis strain can sustain itself in nonmacrophage host cells. This interpretation is consistent with data presented by Bosio and Dow in which mice were treated with clodronate to deplete pulmonary macrophages and dendritic cells (7) . Although depletion of macrophages and dendritic cells delayed the time to death following a pulmonary F. tularensis infection, all animals in this experiment died by 8 days postinfection (7) . Thus, elimination of macrophages still resulted in the death of the animals, further indicating that F. tularensis replication in nonmacrophages is adequate to cause morbidity and mortality.
Upon entering macrophages by phagocytosis, F. tularensis is able to alter normal bactericidal responses, escape the phago- FIG. 11 . Immunofluorescence microscopy of lung sections from mice infected with F. tularensis Schu S4 or Schu S4 ⌬pyrF. Mice were infected i.t. as described in the legend to Fig. 7 . On day 4 postinfection, lungs were harvested from mice infected with Schu S4 (A) or Schu S4 ⌬pyrF (B), were fixed in formalin, and were subsequently embedded in paraffin. Deparaffinized lung sections were probed with rat anti-mouse F4/80 to detect macrophages and with rabbit anti-F. tularensis. The secondary antibodies used were Alexa Fluor 555 goat anti-rat immunoglobulin and Alexa Fluor 488 donkey anti-rabbit immunoglobulin. DNA was stained with DAPI. For both panels, the color images represent a three-color merge (red, F4/80; green, F. tularensis; and blue, DAPI). The first color image represents low-power magnification, and the second image is a high-power magnification of the boxed section. In the low-power images, the asterisk designates a major airway. The scale bars in the upper right hand corners of the images in panel A represent a length of 20 m.
some, and replicate within the cytosol (44) . Mutation of F. tularensis genes encoding proteins responsible for escape of the phagosome is essential for replication in macrophages and virulence in animal models, associating intramacrophage replication with in vivo pathogenesis (3, 8, 23, 52) . Recent data suggest that the activity of a secretion system encoded by the Francisella pathogenicity island is essential for this phagosomal escape (3). However, mutation of genes encoding proteins that mediate resistance to macrophage killing mechanisms may also have pleiotropic effects, complicating an interpretation of data that links in vitro phenomena directly with in vivo phenotypes. Some genes that are required for replication in macrophages are also required for intracellular growth in other host cell types (Table 2) . We have hypothesized that because the efficiencies of bactericidal activity differ among host cell types, some F. tularensis genes that are essential for bacterial replication in highly bactericidal host cells, such as macrophages, may not be necessary in more-vulnerable cells. The F. tularensis ⌬pyrF data presented in this study support this hypothesis (Fig. 4 and 6 to 12) . In future studies, these strains may be used to better understand Francisella mechanisms for replication in nonmacrophage host cells.
Our investigations have shown that Francisella has the capacity to thrive in alternative, nonmacrophage cells of the host. This capability may be particularly important when the macrophage environment is excessively hostile, providing a possible explanation of other observations in the literature. Prestimulation of mice with a nontypeable Haemophilus influenzae lysate increased the time to median death and reduced the lung bacterial burden following intranasal delivery of F. tularensis Schu S4 (19) . Compared to the other pathogens tested, however, this treatment did not affect the cumulative mortality induced by F. tularensis (19) . Growth in nonmacrophage cells may account for F. tularensis's virulence despite broad stimulation of innate immune cells. Similarly, stimulation of macrophages by proinflammatory cytokines can reduce F. tularensis proliferation in vivo (17) . However, this approach was ineffective during infection with a virulent type A strain (39) , which may reflect this strain's ability to replicate in nonmacrophage cells of the host (Fig. 10) . Together with our results obtained using F. tularensis Schu S4 ⌬pyrF, replicating in cells other than macrophages appears to contribute to the pathogenesis of tularemia.
F. tularensis has a significant extracellular phase in blood during infection of the animal host (20) , raising the possibility that replication outside host cells may be important for sustenance of in vivo pathogenesis. However, growth of F. tularensis outside host cells has never been demonstrated during in vivo infection. In addition, we did not observe substantial growth of F. tularensis (wild type or ⌬pyrF) in 10% serum (DMEM, HEPES, and GlutaMAX base tissue culture medium) (data not shown), making extracellular growth an unlikely explanation for the generation times measured in the in vitro intracellular replication assays. We searched the literature to identify F. tularensis strains that have a defect for intramacrophage replication that have also been tested for growth in phagocytic cells and virulence in an animal (Table 2 ). In support of our interpretation, all of the F. tularensis mutants showing severe attenuation in vivo also have a defect for growth in both macrophages and nonmacrophage cells ( Table 2 ). Mutants of another gene encoding an enzyme of de novo pyrimidine biosynthesis, pyrB, have been generated by different laboratories in both F. tularensis LVS and Schu S4 (32, 47, 56) . Although the F. tularensis Schu S4 pyrB strains were not tested for replication in primary macrophages, the LVS pyrB mutant showed severe attenuation in these cells (56) . Both the LVS and the Schu S4 pyrB mutants showed some replication in HepG2 hepatocytes, suggesting by our explanation that these strains may still be virulent in vivo (47, 56) . Both the Schu S4 pyrB transposon mutant (47) and a Schu S4 pyrB deletion mutant (32) were used in murine infection models. While the Schu S4 pyrB transposon mutant resulted in a slight delay in time to mouse death, the Schu S4 pyrB deletion mutant showed no in vivo virulence attenuation (32, 47) , suggesting that both of these mutants were pathogenic. Our results, along with the historical data presented in Table 2 , reinforce the hypothesis that replication in nonmacrophages is also important for in vivo virulence of F. tularensis. This highlights the value of studying Francisella interactions with nonmacrophage host cells (22, 43, 48, 49) .
By showing that the ⌬pyrF mutants of F. tularensis LVS and Schu S4 were deficient in de novo pyrimidine biosynthesis and resistant to FOA and that expression of pyrF LVS rescued the uracil auxotrophy of E. coli pyrF287, we confirmed that this gene encodes an authentic orotidine-5Ј-phosphate decarboxylase. F. tularensis pyrF may be used as a selectable and counterselectable marker using both uracil auxotrophy and FOA resistance. Similar systems have been exploited in numerous organisms, including Saccharomyces cerevisiae, archaea, pseudomonads, and mycobacteria (5, 30, 54, 55) . Importantly, use of antibiotic selection markers is restricted in F. tularensis because this approach raises concerns over the unlikely escape of resistant organisms from the research setting. In addition, antibiotic-resistant F. tularensis strains would have limited clinical utility as a live attenuated vaccine. These concerns are true for all biodefense and nonbiodefense agents, highlighting the need for innovative strategies, such as the use of nonantibiotic selectable markers, like the pyrF system, to perform genetic manipulations of pathogens without resorting to antibiotic resistance.
